ABSTRACT AAO template is highly recommended to nanostructure polymers and to study polymer properties under confinement. The dynamic properties of polystyrene-block-poly(4-vinylpyridine) (PS-b-P4VP) under confinement using broadband dielectric spectroscopy are investigated in this work and the results compared to those of the bulk. Anodized aluminum oxide (AAO) membranes, having pore diameters from tens to hundreds of nanometers in size, were used to confine PS-b-P4VP. Moreover, the influence of gold nanoparticles (AuNPs) in the copolymer matrix was also studied. The morphology and structure of the bulk copolymer and the copolymer confined in the AAO templates were characterized by transmission electron microscopy, scanning electron microscopy and Small Angle X-Ray Scattering. For PS-b-P4VP in bulk, dielectric relaxation techniques allowed studying selectively the P4VP segmental dynamics within the diblock. At high temperature this copolymer presents a dominant peak (MWS relaxation), most likely originated by the relatively high conductivity combined with the presence of interfaces emerging in the nanostructured samples. Moreover, a pronouncedrelaxation is observed for the copolymer compared with that of pure P4VP. This is likely due to a non-negligible contribution from the -relaxation of the PS component. The -relaxation is markedly different in the copolymer, which is evidenced by a distinct temperature dependence of the resulting relaxation times. When the copolymer is embedded in alumina nanopores with small pore diameters (25 and 35 nm) there are significant changes, where the tendency is going to a faster dynamics when the pore diameter decreases more likely related to the relevance of surface effects. The presence of the AuNPs in the system enhances this effect. These results are in agreement with segregated structures found in the block copolymer by TEM and SAXS.
Introduction
During the last few years there has been a tremendous interest in template-based synthesis of nanomaterials for numerous nanotechnology applications. Anodic or anodized aluminum oxide (AAO) templates, having a hexagonally packed array of nanoscopic pores, where the pore diameter can be controlled by the anodization conditions used, provide a simple platform to generate nanostructured materials and to study the properties of confined polymers. [1] [2] [3] [4] The molecular motions in polymer systems can be conveniently investigated by means of relaxation techniques. [5, 6] In this way, in the glassy state rather local motions are detected as weak secondary relaxation processes (named .... in decreasing temperature order). Around and above the glass-transition temperature T g , the polymer segmental dynamics -responsible of this transition and having a markedly cooperative character -is detected as a prominent relaxation, usually referred to as -relaxation. Recent Broadband Dielectric Spectroscopy (BDS) studies of polymers confined within AAO templates showed that the dominant influence of confinement was a broadening of the distribution of relaxation times for the and processes [7] and the presence of a highly constrained layer at the pore/polymer interface arising from the favorable interactions of one block with the walls of the pores. [8] Neutron spin echo has revealed the single chain dynamic structure factor of entangled polymer chains confined in cylindrical nanopores with chain dimensions either much larger or smaller than the lateral pore sizes. In both situations, a slowing down of the dynamics with respect to the bulk behavior is only observed at intermediate times. [9, 10] Moreover, both Russell et al. and Steinhart et al. have used these templates to confine block copolymers (BCPs) to investigate the influence of cylindrical confinement on the morphology of BCPs where the pore diameter in size is similar to the characteristic period of the BCP microdomain morphology. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] Müller et al. studied the crystallization behavior in polystyrene-block-polyethylene (PS-b-PE) within the alumina membrane [29] , and Russell et al. studied the capillary flow of a microphase-separated block copolymer into nanoscopic pores, by means of BDS. [30, 31] The well-defined nanometric geometries of AAO templates in the nanoscale make these platforms interesting systems to investigate the influence of geometrical confinement on dynamics not only of the homopolymers but of block copolymers too. The segmental dynamics of polymeric chains in microphase separated BCPs are expected to be affected by factors like their own spatial confinement and when confined in AAO templates by an additional effect due to the wall restriction. [32] [33] [34] [35] Moreover, incorporating metal nanoparticles into a polymer matrix can enhance the relaxation properties. [33, 34] In this work, we present results on the confinement of polystyrene-block-poly(4-vinylpyridine)
(PS-b-P4VP) in AAO templates having pore diameters from tens to hundreds of nanometers in size. Dynamic properties were investigated by dielectric spectroscopy and results compared to its behavior in bulk. In order to correlate the results to the polymer structures of the BCP, the structural characterization by combining Small Angle X-Ray and electron microscopies is studied. Moreover, in order to enhance the differences, the study of the copolymer with AuNPs has been also investigated.
Experimental Section

Samples.
Anodic Aluminum Oxide Templates. The ordered anodic aluminum oxide (AAO) templates with average pore diameters from 25 to 330 nm were prepared by a two-step anodization process. [36] Porous alumina films are formed in electrolytes that dissolve alumina sparingly (sulfuric, phosphoric, oxalic acids). [37, 38] Composite films of PS-b-P4VP and Au NPs were prepared as follows: 1 mg of dodecanethiolcapped Au NPs was mixed with a 10 wt% solution of PS-b-P4VP in 3 mL of chloroform and stirred vigorously for 1 day, then cast onto cleaned microscope slides to obtain a film of around 150 µm of thickness. The solvent was slowly evaporated in air at room temperature. The prepared copolymers films contained 0.1 wt% dodecanethiol-capped Au NPs.
PS-b-P4VP and PS-b-P4VP/Au NPs nanorods.
For the preparation of the PS-b-P4VP and PS-b-P4VP/AuNPs nanorods, the BCP and nanocomposite film were placed directly onto the AAO templates to infiltrate the template under partial wetting regime, at 468 K under nitrogen atmosphere for 2 days, and then cooled to room temperature. The excess material on the surface was scraped off with a razor blade, the samples were re-heated to 468 K, then cooled to room temperature.
Scanning electron microscopy (SEM).
A Philips XL-30 ESEM operated at 25 kV was used for the morphology characterization of the AAO templates.
Transmission electron microscopy (TEM). A JEOL 2000FX transmission electron
microscope operating at an acceleration voltage of 200kV with LaB 6 filament achieving a resolution of 2.5 Å was used for the morphology/structure characterization of the block copolymer and nanocomposite film. The measurements were carried out at room temperature.
Samples were prepared on a copper grid (400 mesh) covered only with carbon (purchased from Electron Microscopy Sciences). A diluted drop of previously prepared solutions was deposited and the solvent was slowly evaporated in air at room temperature.
In order to prepare the nanorods for TEM measurements, the alumina template was dissolved in an aqueous 5 wt% NaOH solution. The NaOH solution containing the released copolymer nanorods was filtered and thoroughly rinsed with deionized water, and deposited onto copper grids coated with carbon films.
Differential Scanning Calorimetry. The DSC measurements were carried out using a Q2000
from TA instruments with a liquid nitrogen cooling system. Measurements were conducted at heating and cooling rates of ±10K/min. Two different glass-transition temperatures (T g 's)
associated to both components were observed: T g PS = 375 K and T g P4VP = 416 K (see Figure S2 ). Morphology. Figure 1 is the cross-sectional diameter of the cylinder; is the relative standard deviation; a is the unit cell dimension; is the average domain size and l is the length of the cylinder.
Small Angle X-Ray Scattering (SAXS
TEM and SAXS techniques were combined to characterize the morphology of the BCP, the composite, and the nanorods formed. In Figure 2 In resume, we note that the morphologies of the copolymer and the nanocomposite did not change and the values obtained for the parameters describing the structural features had little temperature dependence.
We attempted to investigate the structure/morphology of the copolymers and nanocomposites within the AAO templates with SAXS, but the overwhelming scattering from the AAO templates prevented any characterization of the infused material. Therefore, the structural characterization was performed by TEM on the bare nanorods obtained by dissolving the alumina layer as explained in the experimental section. Figure 3 shows TEM images of PS-b-P4VP 0.1%Au
nanorods that had lengths of several micrometers, whereas their diameter of 60 nm corresponded to the diameter of the AAO templates studied. However, a layer of PBD is formed at the interface between the PS and the nanopores wall leading to the emergence of spherical microdomains in the nanorods. A similar situation is found in our studies.
The short-range order of the samples has been characterized by WAXS. The WAXS measurements have allowed determining that the copolymers contain P4VP and PS blocks.
These systems show a qualitatively analogous behavior to that of the copolymers. In fact, the structure factor of the copolymers is very similar to that of bulk PS (the majority component).
MD-simulations [49] and neutron scattering experiments [50] on PS have qualified the first peak in PS as arising from inter-molecular correlations involving main-chain atoms, while the second peak is attributed to correlations involving the phenyl rings. Obviously, the similar microstructure of P4VP compared to PS leads to the same kind of pattern and results are reported in Figure S4 . The copolymers contain P4PVP and PS blocks show a qualitatively analogous behavior to that of the copolymers. These results support the high degree of segregation of the copolymer at all the temperatures studied ( Figures S5 and S6 ).
To address in more detail the effect of the NPs on the local structure of the copolymer, the effect of temperature has been studied by WAXS ( Figure S7 ). At lower temperatures indistinguishable results are obtained. Thus, the AuNPs hardly influenced the short-range order of the polymer, in particular, of the P4VP phase in whose they are embedded.
Dynamics studies by dielectric spectroscopy.
Homopolymers. Figure 4 shows the temperature and frequency dependences of the imaginary part of the dielectric permittivity, or dielectric loss, '', for pure P4VP. Copolymer. The dielectric relaxation techniques allowed studying selectively the P4VP segmental dynamics within the PS-b-P4VP, since P4VP is the component contributing more to the dielectric relaxation, the PS relaxation strength being very weak. Figure 5 shows the frequency dependences of the imaginary part of the dielectric loss, '', for PS-b-P4VP
copolymer. This copolymer shows a prominent relaxation at high temperatures, more prominent than expected for the -relaxation of P4VP component, which is the minority block of the copolymer.
This main peak is combined with a shoulder on the high frequency side, only resolved at the highest temperatures. The position of this shoulder matches well with the -relaxation of the P4VP homopolymer and the peak intensity is what could be expected according to the P4VP weight fraction in the copolymer. This leads us to associate the main loss peak detected in the copolymers to a Maxwell-Wagner-Sillars (MWS) relaxation most likely originating from the relatively high conductivity in the segregated P4VP phase (it is already evident in the P4VP homopolymer) combined with the presence of sharp interfaces associated with the copolymer nanostructure as evidenced above by SAXS.
The -relaxation is also shown in Figure 5 and, at first glance, it is consistent with that observed for the homopolymer but more pronounced than expected. Noteworthy, the contribution of thedielectric relaxation from PS also occurs in the same range (see inset of Fig. 4 ) and taking into account the relatively high PS content, the -relaxation of PS would be also relevant in this loss peak detected in the copolymers. On the other hand, at low temperatures a new, rather intense and relatively narrow relaxation peak is detected. This relaxation does not correspond straightforwardly to the P4VP homopolymer, although taking into account the weak contribution from PS in this temperature range it has to be related with some local reorientation in the P4VP units. Tentatively, as it will be discussed below, one could attribute this -relaxation to the mobility of P4VP rings that would occur with sufficient amplitude only in poorly packed regions as expected to arise close to the interface.
Copolymer with AuNPs. The effect of adding gold nanoparticles on the dielectric relaxation of the copolymer is shown in Figure 6 . From this comparison it is clear that the presence of AuNPs does not significantly affect the P4VP dynamic behavior; however there are some minor differences. On one hand, the relaxation intensity at low temperatures is significantly reduced. On the other hand, the conductivity contribution at lower frequencies is higher and the MWS relaxation is modified on the low frequency side. This latter effect would suggest that the presence of AuNPs modifies the interfaces without affecting the HCP structure. The minor changes at the interfaces could also be an explanation of the reduction of intensity in the range of the -relaxation according to the interpretation proposed above for this process.
The characteristic dielectric relaxation times of the distinct process have been determined from the maxima of the loss peaks, i.e. = 1/(2 f max ). Since the various relaxation processes are in general rather superimposed, resolving the peak position in the isothermal curves is subjected to large uncertainties. However, the isochronal representation of the same data, i.e. '' (T) at fixed frequency, allows an easier identification of the relaxation peaks and therefore we used this latter plots to extract the characteristic time scale of the different relaxation processes investigated. where is the relaxation time, 0 is a pre-exponential factor (or simply the pre-factor), E a is the activation energy, R is universal gas constant and T is the temperature. The obtained values are shown in Table 3 . Table 3 . Activation energy E a and pre-exponential factor of the , and relaxation for the studied bulk samples.
First, it has to be noted that as we used isochronal curves for obtaining the relaxation times the resulting activation energy values have to be considered only as estimates [55] but are still useful for the comparison among the different samples and relaxations despite the remaining uncertainties. These have been estimated to be about 10%. As shown in Figure 7 , the given values of the activation energy for the -and -relaxations characterize the dynamics in the range between a few and several hundred milliseconds, whereas it characterizes the whole explored range for the -relaxations. As usually the values resulting for the -relaxations are extremely high as indicative of the cooperative character of the molecular motions in this range.
Moreover, the values for PS are even higher than for P4VP evidencing a higher 'fragility' of the former in the Angell's classification. [56] The activation energy values for the -relaxation of P4VP are still high to be associated to a single molecular motion. This is also a general result AAO confined samples. Figure 8 shows the dielectric loss curves corresponding to the dielectric relaxation from PS-b-P4VP-AAO infiltrated in AAO of 330nm pore diameter. For these samples the dielectric losses have a lower contribution from the copolymers due to the reduction of the volume of the sample capacitor filled by the polymer and an additional background-like signal from the AAO template that is weakly dependent on frequency and temperature. In Figure 8a the isothermal frequency dependence is presented in the temperature range where the P4VP -relaxation is expected. Actually, a clear peak with a small shoulder in the low frequency flank and an increasing loss contribution from conductivity at even lower frequencies are observed. When considering the highest temperature, it is clear that the main peak corresponds well to that of the -relaxation of P4VP. Thus, as compared to the bulk copolymer, the MWS relaxation is strongly suppressed after confinement in AAO. The remaining MWS relaxation would likely be the responsible of the shoulder detected in between the main peak and the conductivity related increase at the lowest frequencies. represents the same dielectric experiments on an isochronal plot. Only in this representation the signature of the copolymer -relaxation contribution is detectable. However, the intensity of the -relaxation is extremely weak, preventing a reliable analysis of this signal even in the isochronal representation, and consequently our next discussion will be focused on therelaxation results. From Figure 10a it is clear that when the copolymer is incorporated in the AAO with the smallest pore diameters (25 and 35 nm) the tendency is an accelerated dynamics with decreasing pore diameter. These effects are typically found in glass-forming systems under confinement situations (see, e. g. [57, 58] ). However, for the largest pore what is found is a slowing down of the dielectric relaxation, which could be attributed to the dominant effect of the interaction of the polymer with the pore walls. Moreover, the presence of the AuNPs in the system increased the effect for the smallest pores as shown in Figure 10b . The presence of AuNPs implies a further reduction of the accessible space for the copolymer. In addition, the AuNP are preferentially located in the segregated P4VP phase where the dielectric relaxation is originated. Thus it is not surprising that the observed effects are amplified by the gold nanoparticles. Interestingly, the non-monotonous effect of the confinement on the -relaxation might be connected with the change in the segregation geometry of the copolymer detected in the morphological investigation by TEM. In this interpretation, the interaction of the copolymer with the pore walls slows-down the relaxation but the segregation of P4VP inside nano-spheres would avoid the direct interaction of P4VP units with the pore wall allowing a faster relaxation likely promoted by the relatively fast surrounding PS environment. The rather small size of the spherical P4VP regions (necessarily smaller than the pore diameter), implies a large surface to volume ratio and therefore would enhance the influence of PS motions on the P4VP dielectric relaxation.
The effect of confinement on the -relaxation times of P4VP has been quantitatively analyzed by evaluating the apparent activation energy as it was made above (see lines in Fig. 10 ). The resulting values are presented in Table 4 . 
PS-b-P4VP_Au 35nm
96.0 7x10 -30
PS-b-P4VP_Au 25nm
77.0 1x10 -25
Conclusions
We have studied the dynamics and structure of PS-b-P4VP copolymer in bulk and confined in AAO templates having pore diameters from tens to hundreds of nanometers in size by using broadband dielectric spectroscopy and SEM, TEM, SAX and WAXS techniques. The effect of adding gold nanoparticles has been also studied.
WAXS, TEM and SAXS results support the high degree of segregation of the copolymer sample:
the diffracted intensity at local scales results from the superposition of the structure factors Regarding the dynamical aspects, dielectric relaxation techniques allowed studying selectively the segmental dynamics of the nano-segregated minority component P4VP of the diblock PS-b-P4VP. At high temperature this copolymer presents a dominant peak (MWS relaxation), most likely originated by the relatively high conductivity of the P4VP phase combined with the interfaces present in the nanostructured samples. A -relaxation is also observed for the copolymer with properties similar to those in pure P4VP. The -relaxation is markedly different in the copolymer, which is evidenced by a distinct temperature dependence of the resulting relaxation times. When the copolymer is embedded in alumina nanopores with large pore diameters there is a measurable slowing down of the P4VP segmental dynamics attributable to the interactions with the pore walls. However, for the smallest pore diameters (25 and 35 nm) there is a marked tendency to a faster dynamics as the pore diameter decreases. The presence of the AuNPs in the system enhances this effect. 
